Abstract. The rod symmetry groups for monoperiodic (1D) nanostructures have been applied for construction of models for bulk-like TiO 2 nanowires (NWs) cut from a rutile-based 3D crystal along the chosen [001] and [110] directions of crystallographic axes. In this study, we have considered nanowires described by both the Ti-atom centered rotation axes as well as the hollow site centered axes passing through the interstitial positions between the Ti and O atoms closest to the axes. The most stable [001]-oriented TiO 2 NWs with rhombic cross sections are found to display the energetically preferable {110} facets only while the nanowires with quasisquare sections across the [110] axis are formed by the alternating { ̅ } and {001} facets. For simulations on rutile-based nanowires possessing different diameters for each NW type, we have performed large-scale ab initio Density Functional Theory (DFT) and hybrid DFTHartree Fock (DFT-HF) calculations with total geometry optimization within the Generalized Gradient Approximation (GGA) in the form of the Perdew-Becke-Ernzenhof (PBE) exchangecorrelation functionals (PBE and PBE0, respectively), using the formalism of linear combination of localized atomic functions (LCAO). We have simulated both structural and electronic properties of TiO 2 NWs depending both on orientation and position of symmetry axes as well as on diameter and morphology of nanowires.
Introduction
Due to a variety of promising applications, single-crystalline titania nanowires (TiO 2 NWs) attract enhanced attention in modern nanotechnology [1] . A number of theoretical studies on atomic-scale TiO 2 nanowires were published so far [2] [3] [4] [5] . Large-scale ab initio calculations on thermodynamically preferable TiO 2 NWs in the rutile phase [2] clearly display only the energetically preferable {110} facets in the case of their [001] orientation as well as the alternating {110} and {001} facets in the case of [110] NW orientation, in accordance with the Wulff construction formalism [6] . The structure and electronic properties of TiO 2 anatase-based nanowires were calculated as well, with different orientations and surface terminations varied as a function of diameter [3] . In recent study, the stability and electronic structure of both anatase-based and rutile-based [001] nanowires were compared in a series of first-principles calculations [4] . Up to diameters of 2.1 nm in anatase-based and 3.7 nm in rutile-based nanowires, those {100}-walled anatase and {110}-walled rutile NWs were found to be the most stable, which retain the non-symmorphic character of the bulk space group. As to construction of monoperiodic (1D) atomistic models for titania nanowires, both the Ti atom-and hollow site-centered 3 To whom any correspondence should be addressed. symmetry axes (i.e., translation two-fold rotation axis and four-fold screw axis, respectively) were considered in recent studies [4, 5] .
In this study, we apply the rod group symmetry for comparative Density Functional Theory (DFT) calculations on the rutile-based [001] and [110]-oriented TiO 2 nanowires with Ti atom-and hollow site-centered symmetry axes performed within the formalism of localized atomic orbitals (LCAO) using the Generalized Gradient Approximation (GGA) in the form of both the Perdew-BeckeErnzenhof (PBE) and hybrid (DFT-Hartree-Fock) exchange-correlation functional PBE0 as implemented in CRYSTAL-09 code [7] . We construct four types of nanowires for energetically stable rutile-based TiO 2 NWs with rhombic square and rectangular quasi-square shapes. Let us underscore that the hollow site-centered [110]-oriented titania nanowires were not considered and simulated so far. Large scale PBE an PBE0 calculations have allowed us to compare parameters of rutile-based titania bulk with those calculated on four types of models for [001] (rhombic shape) and [110] (quasisquare shape) rutile-based TiO 2 nanowires verifying them by analogous results calculated earlier.
Models and symmetry of TiO 2 nanowires
The symmetry of the rutile-based TiO 2 bulk structure is described by a 3D tetragonal lattice and space group P4 2 /mnm [5] with the two titania formula units per the primitive cell. Nanowires are constructed as 1D systems cut from the 3D crystal along the direction of one of the bulk crystal symmetry axes. The translational periodicity is maintained along this direction. In the case of a rutile-based [001] TiO 2 nanowire (Figs. 1,2 ) a direction of the translation axis is orthogonal to a pair of [110] and [ ̅ ] vectors while both titania formula units of primitive cell lie in the two cross-sectional planes. If the translational two-fold rotation axis goes through a Ti atom (Fig. 1) , one can see that the reflection in the horizontal (h) plane and rotations around the two second order axes in this plane are the symmetry operations for [001]-oriented nanowires. The rod symmetry group of this system is Pmmm while its point symmetry group is D 2h [4] . As to the translation axis for a [001] rutile-based nanowire with the 4-fold screw axis going through the interstitials in the middle of the squares formed by Ti atoms (Fig.  2) , its rod symmetry group is non-symmorphic 4 2 /m while point symmetry group is C 4h [4] . It means that a number of symmetry operations used for description of [001]-oriented hollow site-centered nanowire (8) equals to that of Ti-atom centered nanowire. l [110] d [110] (001) (001) and ( ̅ ) facets (the former is shown in Fig. 4b ). Rectangles in Fig. 4a show borders for prism models of middle, small and smallest TiO 2 NWs (55, 21 and 3 formula units per UC, respectively). NW diameter is shown by the twice-terminated arrow (d [110] ) while its period (length of UC) is shown in Fig. 4b as l [110] . [7] . However, since lateral { ̅ } facets of this NW configuration are described by Pm2m rod group (C 2v point symmetry) the latter can be used to characterize the whole nanowire. 
Computational details
The first principles DFT-LCAO method, as implemented in the CRYSTAL-09 code [7] describes 1D nanowires in their original space form. Calculations on DW NTs have been performed using both the DFT-PBE [8] and hybrid Hartree-Fock/Kohn-Sham PBE0 [9] exchange-correlation Hamiltonians within the Generalized Gradient Approximation (GGA) as implemented in the CRYSTAL-09 code. All-valence basis set (BS) in the form of 6s-311sp-1d Gaussian-type functions (GTFs) used for O atoms and a small-core pseudopotential of Ti atoms (3s, 3p, 3d and 4s-electrons were taken as valence electrons) have been recently adopted by us for TiO 2 nanoube calculations [10] .
Calculations of titania nanowires possessing large unit cells have been performed using the full exploitation of the rod group symmetry. All the atomic coordinates in the monoperiodic unit cell have been generated from supercells of the corresponding 2D slabs. These coordinates have been allowed to relax when performing optimization procedure. Stability of nanowires after optimization of geometry depends on the surface energy of their lateral facets:
where E NW_UC and E bulk_FU are the calculated total energies of both nanowire per its unit cell and bulk per formula unit, respectively, N UC the number of formula units per NW UC while S NW_UC the total surface area of lateral NW facets per unit cell. The smaller is a surface energy, the more stable is a corresponding nanowire.
Results and discussion
The structural and electronic properties of the rutile TiO 2 bulk calculated using both the DFT-PBE and hybrid PBE0 methods as well as simulated earlier and measured experimentally are present in Ti atom. Calculated values of the effective charges q O and q Ti look also quite reasonable, which are found to be qualitatively comparable with the corresponding data obtained earlier [11] . As to a large difference between the experimental and calculated values of band gaps ( g ), it is well known that standard DFT calculations essentially underestimate  g for semiconductors and
insulators. Only application of the hybrid exchange-correlation functionals, e.g., PBE0, allows one to reproduce the band gaps of nanostructures with relatively high accuracy.
Results of large-scale PBE and PBE0 calculations on all four types of rutile-based titania nanowires (Figs. 1, 2 
